Sequence variation in the middle part of the small-subunit rRNA was studied for representatives of the major groups in the family Cicindelidae (Coleoptera). All taxa exhibited a much expanded segment in variable region V4 compared to D. melanogaster. This expanded segment was not found in other groups of beetles, including three taxa in the closely related Carabidae. Secondary structure predictions indicate that the expanded segment folds into a single stem-loop structure in all taxa. Despite its structural conservation, the fragment differs strongly in primary sequence, even between closely related sister taxa. Several features of these sequences are consistent with slippage replication as the mechanism that has generated this sequence variation: the level of internal sequence repetition as measured by the relative simplicity factor (RSF), its variation in length between close relatives, and the strong nucleotide bias compared to the remainder of the gene. With few exceptions, there was also a correlation between sequence length and the level of sequence repetition, frequently interpreted as the result of slippage. Phylogenies inferred from the expansion segment were not consistent with existing hypotheses from other molecular data for the group. This indicates that DNA sequences in this region are not homologous throughout the entire Cicindelidae, but it leaves open the possibility that this expansion segment can be used for phylogeny reconstruction within subgroups. The implications of a phylogenetic approach to the understanding of slippage-like evolution are discussed.
Introduction
Ribosomal RNA genes are among the most commonly used molecular markers for phylogeny reconstruction. The versatility of these markers for phylogenetic analysis on different taxonomic levels results from the marked differences in the rate of sequence evolution in variable and conserved regions of the rRNA genes. Hypervariable regions, or expansion segments, are found both in the large-subunit t-RNA (LSU-rRNA) and the small-subunit rRNA (SSU-rRNA) of eukaryotes where they can be distinguished from more conserved "core" regions also present in prokaryotic RNAs (Clark et al. 1984; Hancock, Tautz, and Dover 1988) . The variable segments frequently form distinct stem-loop structures inserted between the conserved regions of the molecule, and they have been used for phylogeny reconstruction between close relatives at the genus and family levels (Gonzalez et al. 1990; Campbell, Steffen-Campbell, and Werren 1993; Pelandakis and Solignac 1993) .
A conspicuous feature of rDNAs that was first noted in the LSU-rRNA of rodents (Tautz, Trick, and Dover 1986) and Drosophila Hancock, Tautz, and Dover 1988) , and more recently in several SSU-rRNAs (Hancock 1995a) , is the presence of repeated sequence motifs occurring in significantly greater numbers than expected by chance. The accumulation of these "simple" sequences results in an overall increase in sequence repetition, a parameter which is commonly measured by the relative simplicity factor (RSF) (Tautz, Trick, and Dover 1986; Hancock and Armstrong 1994) . Levels of significance in this factor can be determined with respect to random sequences of identical base composition. Using this methodology, internal sequence repetition in SSU-t-RNA was found in a limited number of widely disparate eukaryotes, with the most significant levels of repetition in a pea aphid, a nematode, and three species of Plasmodium (Apicomplexa) (Hancock 1995a) . Sequence repetition was predominantly localized in two variable regions (V4 and V7) and one conserved region (C7) of the molecule (Hancock 1995a) . The degree of repetitiveness was positively correlated with the length of the molecule (Hancock 1995a) , consistent with observations made for the LSU-rRNA , and the repetitive sequences are generally concentrated in regions of high sequence variability (Neefs et al. 1993; Hancock 1995~) .
Inferences about the evolutionary processes that generate these repetitious sequences in rRNA genes have mostly been based on the observed variation in primary structure and on compensatory mutations in presumably paired strands of RNA sequences (Tautz, Trick, and Dover 1986; Levinson and Gutman 1987; . According to existing models, simplicity in rDNA sequences is the result of replication slippage and subsequent fixation of slippage products. This conclusion is supported by the finding of similar patterns of simplicity and correlated increase in length variation during DNA replication in vitro (Schlotterer and Tautz 1992) or in vivo (Valdes, Slatkin, and Freimer 1993; Di Rienzo et al. 1994) . Based on these observations, slippage replication is generally accepted to be the main factor for generating internal repetition and accumulating length variation in these genes (Hancock 199%). The correlation of higher levels of repetition with length increase is actually one of the strongest pieces of evidence for the action of slippage in rDNA evolution . While the patterns of sequence variation are generally consistent with a model involving slippage, the mutational steps of DNA sequence evolution that generate repetition and length variation are not well known. This is because simplicity scores and measures of repetition provide an overall descriptor for the properties of DNA sequences or parts of them, for a general comparison with the homologous regions in other taxa. The observed patterns, however, have not been widely analyzed by assessing character transformation in an explicit phylogenetic context. With the ever-increasing database for rRNA sequences, the appropriate information for such comparative studies is now becoming available.
These more explicit studies of character evolution may provide a clearer picture of the role of slippage and other factors generating repetitious sequences and length variation. Phylogenetic information allows analysis of length variation and repetition in a lineage and the covariation of both parameters in a comparative framework, for an understanding of how these parameters affect bias in nucleotide composition and rates of nucleotide change. This information is needed to address the question of what simplicity scores and degree of repetitiveness mean in a phylogenetic sense, i.e., to determine if they can be related to a series of character transformations and to explicit models of evolution. Accepting the initial evidence for the fact that the mode of sequence evolution in these expansion segments reflects genome-wide effects (Hancock 1995b) , the understanding of what drives the generation of this type of sequence variation has general implications for the evolution of variation in genomes.
A preliminary analysis of this kind was carried out by Linares, Hancock, and Dover (199 1) who studied the evolution of expansion segments D2 and DlO in Drosophila LSU-rRNAs.
They found that point mutation was the major source of sequence change in these species and found relatively little evidence for slippagederived events. In contrast, Nunn et al. (1996) recently found length variation and other slippage-associated variation in the D3 expansion segment in a lineage of isopods (Crustacea). These results suggest that the role of slippage in expansion segment evolution would have to be studied in a combination of species that contain significantly repetitive expansion segments and a suitably wide taxonomic range. In this more detailed study we use tiger beetles (family Cicindelidae) to evaluate the dynamics of sequence evolution in an expansion segment in the SSU-rRNA. Previously (Vogler and Pearson 1996) , we found that tiger beetles differ from all other Coleoptera by the presence of an enlarged segment near the 5' end of the SSU-rRNA gene (corresponding to the V2 region of Drosophila), which, according to secondary structure predictions, folds into a single stem-loop structure of some 100 bp in length. This region was phylogenetically informative and the derived cladograms were largely congruent with information from miEvolution of Expansion Segments 7 tochondrial DNA. We attempted to obtain a more complete picture of sequence variation throughout the SSUrRNA in this group and therefore analyzed additional regions of the gene, including the region V4, which has been found to be the region with the highest accumulation of repetition (Hancock 199%) . As we will show, the V4 region in cicindelids is greatly expanded in comparison to related groups of beetles and other insects, and the sequences exhibit a very high level of variation that may be useful to address some of the unresolved questions about the evolutionary dynamics of expansion segments.
Materials and Methods

PCR Amplification
and DNA Sequencing
For this study we used the same specimens and DNAs that were analyzed for other DNA sequences in a previous study (Vogler and Pearson 1996) . For additional information on species names and their location and date of collection refer to table 1 of that paper. Primers used in the present study were from Wheeler, Schuh, and Bang ( 1993) . Amplification of the middle region of the SSU rRNA was carried out with primers 18sai (5'-CCTGAGAAACGGCTACCACATC) and 18sbi (5'-GAGTCTCGTTCGTTATCGGA), covering positions 398 through 1421 of the corresponding region of D. melanogaster , and primers for the amplification of the V4 region and adjacent sequences were 18sa0.7 (5'-ATTAAAGTTGTTGCGGTT) and 18sb2.5 (5'-TCTTTGGCAAAGCAACCAT), corresponding to positions 609 to 1222 of D. melunogaster.
For several of the taxa (as indicated by asteriks in fig. l ), the PCR products were cloned into the vector pCRlOO0 using a commercial cloning kit (Invitrogen, La Jolla, Calif.). Plasmids were sequenced as described in (Toneguzzo et al. 1988) . DNA sequencing was performed using a Sequenase kit (USB Biochemicals) and the same primers as for the PCR amplification. Only one clone of each PCR amplification was used for sequencing, and overlapping reads of sequences were usually obtained for the entire variable part of the gene. In all other cases, PCR amplification products of nuclear 18s rDNA were sequenced directly without prior cloning using a PRISM cycle sequencing kit and an ABI Model 373 automated sequencer. Generally, this procedure yielded at least 400 bp of sequence and substantial overlap of sequencing. Direct sequencing proved difficult in two taxa (Picnochile and Megacephala nigricollis), presumably because of polymorphic variation between different copies of the tandemly repeated rDNA loci. We also compared the sequences obtained directly from PCR products and from PCR products cloned in the vector, using C. repandu. Both sequences were identical, indicating that the number of PCR mistakes introduced into the data matrix by sequencing cloned products is low. Sequence information has been deposited in GenBank (accession numbers U75539 through U75568).
Phylogenetic
Analysis and Sequence Alignment
All alignment procedures were carried out using MALIGN version 2.0 (Wheeler and Gladstein 1994), 4541 [5161 [4731 [4671 [4921 [4571 [4591 [4391 [4491 [4971 [4971 [4831 [4721 [5061 [5481 [538+1891 f4051 I3521 13601 [3371 I3721 FIG. l.-Part b. DNA sequence of 27 taxa of Cicindelidae and three outgroups of Carabidae (Pasimachus, Cur&us, Eluphrus). Asterisks mark those taxa for which sequences have been obtained after cloning of PCR products in a multicopy vector. Also included is the sequence for T. molitor (Hendriks et al. 1988 ) and D. melunoguster . Sequences were aligned with MALIGN (Wheeler and Gladstein 1994) with a cost ratio for the introduction of gaps and for nucleotide changes of 2: 1. The x's below the data matrix mark the bases that were retained after removal of alignment-ambiguous positions ("cull"); cull was carried out on the ingroup taxa only. The @ at position 223 in the sequence of Picnochile denotes the position of an additional 189 bp that was omitted from the figure. The omitted sequence is GGCGTGTGT GTG~GTTAATGTTATATGGTGTGTTAATGTTTTTCCGT~ACAA~AACGG~GAGTGGCGCACACAANTACACATATATATA~ ATACAGNCACACACACACACACACATACAACATACATATATAA~CA~CACACACACACACACACATACATCTACATA~CAT AAT'ITA. which attempts to optimize for the number of changes as single unordered characters. Support for a given phyon a cladogram during sequence alignment. A heuristic logeny was determined by the decay index (Bremer search procedure ("quick" option) was used for the 1988; Donoghue et al. 1991) . A maximum of 3,000 trees alignment.
Alignment-ambiguous sites were removed were collected for the determination of the decay index, with the "cull" command (Gatesy, DeSalle, and Wheea limit that was generally hit when the decay index was ler 1993). The resulting data matrix was subsequently greater than 2. Congruence among data sets was deterused to reconstruct the most parsimonious cladograms mined in two ways: as a measure of taxic congruence with the heuristic search option in PAUP version 3.1.1 by calculating the numbers of shared nodes in two (Swofford 1993) , performing 10 replicates of a heuristic cladograms (Wheeler 1995) , and as a measure of charsearch with random stepwise addition and TBR branch acter congruence, the Incongruence Length Difference swapping. All positions in the data matrix were treated (ILD) (Mickevich and Farris 198 1; Far-r-is et al. 1994).
Comparative analyses were performed by determining Independent Contrasts (Harvey and Page1 1991, l-226;  A Harvey and Purvis 1991) with the Comparative Analysis by Independent Contrasts (CAIC) package (Purvis and Rambaut 1995) . Branch lengths were defined in these calculations according to a tree derived from a "total evidence" data set (see below). Contrasts were regressed and plotted with Statview (Abacus Concepts, Inc.).
Secondary Structure Predictions and Simplicity Measures
Secondary structure prediction was carried out using the MFOLD algorithm of Zuker and Jaeger (Zuker 1989 (Zuker , 1994 Jaeger, Turner, and Zuker 1990 ; Zuker, Jae-B ger, and Turner 1991) implemented under version 8.1 of the GCG package (GCG 1994) running on the MRC Human Genome Mapping Programme server. The most energetically stable structure was selected in each case. Folding was carried out without applying any constraints other than the definition of the sequence subregions.
Sequence simplicity analysis was carried out using the SIMPLE34 program (Hancock and Armstrong 1994) . The program searches for clustering of tri-and tetranucleotide motifs moving a 64-bp window along a sequence and at each position searching with the window for repeats located at its center. A simplicity score (SS) is generated for each position in the sequence which reflects the degree of repetition within the window centered on it. This value is normalized for the distribution of nucleotides in a random sequence of identical nucleotide composition to yield the Relative Simplicity Factor (RSF). Three levels of significance for this value are distinguished.
Results
Pattern of Sequence Variation and Secondary Structure
A total of 27 taxa of Cicindelidae covering most of the major groups in this family of beetles were sequenced for the middle region of the SSU-rRNA gene (positions 609 to 1222 of D. melanogaster, variable region V4 and adjoining sequences). We also included three outgroup taxa of the related family Carabidae (Elaphrus, Carabus, Pasimachus), and published sequences for the distantly related beetle, Tenebrio molitor (Hendriks et al. 1988) , and D. melanogaster ) as additional outgroups. The sequence database is shown in figure 1 . The length of this portion of the SSUrRNA gene varied substantially between different cicindelids, the extremes being 727 bp for Picnochile and 439 bp for Neocollyris ( fig. 1) . Sequences of all outgroup taxa were substantially shorter in this region and varied between 337 (Tenebrio) and 405 (Pasimachus) bp. Length variation was concentrated in an area of the V4 region corresponding to one of the hypothesized stem-loop structures in the D. melanogaster model (between 722 and 770 of the D. melanogaster sequence) . FIG . 2.-Secondary structure prediction of the stem-loop structure in the V4 region of two cicindelids and a carabid outgroup. Elaphrus (A) is the overall shortest sequence, Odontocheila con&a (B) has the lowest RSF, and Picnochile (CT) is the longest sequence with the highest RSE The bars mark the pairings anchoring the stem-loop structure.
aspect of the predicted secondary structure is shown in figure 2 for three unrelated taxa (taxon with the shortest sequence as well as the sequences with the highest and the lowest RSF). All sequences were folded without any constraints, after excluding flanking sequences. The predicted stem-loop structures are anchored at three G-C C In most taxa the length variable part of the sequence folds into a single stem-loop structure. A typical 
-An alternative alignment of parts of the data matrix. This alignment was performed "by eye" to line up the ingroup sequences with the much shorter sequences of outgroup taxa around the beginning and end of the hypervariable V4 region. The anchored pairings that mark the putative stem-loop structure are shown in bold.
Watson-Crick one G-T noncanonical pairings in most analysis of the secondary structure will be presented in taxa (bold in fig. 3 Picnochile was the only taxon for which Pseudoxycheila, Amblycheila, and Carabus) (table 1). these base pairings could not be detected but a similar Including some 400 bases from the 5' region of the molstem loop could form in parts of the (much enlarged) ecule sequenced in our previous study (Vogler and Pear-V4 region in this taxon as well ( fig. 2) . A more detailed son 1996) this brings the total amount of continuous a "Other data" are from mtDNA and the V2 region of SSU-rRNA of Vogler and Pearson (1996) . b Number of resolved nodes that define the same monophyletic groups as the tree from "other data" (table 3 of Vogler and Pearson 1996) .
c Test for monophyly of five basal groups of Cicindelidae as defined by nodes A through E in figure 6 . +, monophyletic; -, nonmonophyletic; c, unresolved, but consistent with monophyly.
d Gap cost in alignment using MALIGN. Gaps treated as fifth character state. e Gaps treated as character "missing" in phylogeny reconstruction. f Data matrix after removal of alignment-ambiguous sites from six primary alignments with gap to change cost ratios of 1: 1 to 8: 1.
sequence to about 1,400 bp of the corresponding D. melanogaster sequence. (There was a small region of some 55 bp around the primer site for which no sequence information was obtained. This region is invariant between the published sequences of Tenebrio and Drosophila, and therefore is not likely to contribute much variation to the data within the Cicindelidae).
These sequences (not shown) were largely invariant for all of the cicindelids and the outgroup taxon (Curabus). Thus, the extreme level of sequence variation was almost entirely limited to the two expansion segments.
Phylogeny Reconstruction
Because of the large differences in the lengths of the sequences, alignment and the treatment of gaps for phylogeny reconstruction are critical. For the alignment shown in figure 1 , the cost for the introduction of gaps was set at 2 (change cost 1). Under these alignment conditions the data matrix contains 585 positions (not including 189 bp of the sequence of Picnochile for which no apparent equivalent exists in any of the other sequences). Because the much shorter DNA sequences of the outgroups would complicate a more detailed test of alternative alignments, we examined the variation of alignment parameters and their implications for phylogeny reconstruction for the ingroup taxa only. For this analysis, all trees were rooted with Amblycheila, the presumed most basal taxon in the ingroup (Vogler and Pearson 1996) .
The 27 ingroup sequences were aligned varying the cost for introduction of gaps between 1 and 8 (table 1) . Variation in the gap-to-change cost ratios resulted in dramatically different alignments, and the size of the data matrix varied between 607 and 549 nucleotide positions (table 1) . To assess the phylogenetic information content of this region of the rRNA gene without the possibly misleading effects of alignment ambiguity we first analyzed the data after removal of nucleotide positions that are sensitive to the alignment conditions. When those bases that were not consistently aligned under different gap cost ratios were removed, a total of 298 bases with only 24 variable and 19 potentially informative sites remained. Most of the remaining bases were clustered at the beginning and end of the data matrix as marked in figure 1 . A phylogenetic analysis based on these data resulted in 577 equally parsimonious trees of 34 steps, with only four nodes resolved in the strict consensus ( fig. 4) . All of these nodes were among the well-supported nodes in our previous reconstructions of the Cicindelidae based on the combined mtDNA and SSUrRNA (V2) data (Vogler and Pearson 1996) . To further assess the quality of the (alignment-unambiguous) V4 data, we combined the data matrix with the existing database, including information from alignment sensitive sites, in a "total evidence" (Kluge 1989 ) analysis (fig.  4) . The inclusion of the alignment-unambiguous positions from the V4 region in the combined database generally resulted in slightly better resolution and increased support of the phylogeny (fig. 4) . Thus, the data from the V4 region are largely congruent with the existing database. This implies that the phylogenetic history of the V4 region generally recovers a similar phylogenetic signal as other parts of the SSU rRNA and mtDNA, although its contribution to the total database is small because only very few informative sites are retained after the removal of alignment-ambiguous positions. Congruence with the existing database was also used to assess the reconstructions from the alignmentsensitive parts of the V4 region (table 1) . Parsimony cladograms reconstructed from the six primary alignments with varying gap costs are mostly well resolved, but they differ substantially in their topology. There is only limited agreement of the reconstructions from any of the alignments with the "existing" (Vogler and Pearson 1996) tree. The number of nodes that are shared with this tree was between 4 and 7 (of the total of 20 nodes in the strict consensus of the existing tree) (table 1). High ILD values indicate substantial disagreement in the measures for character incongruence (table 1) . We also examined the presence of five nodes (nodes A through E in fig. 5 ) in the cladogram which have been used to establish relationships of major groups within the Cicindelidae in our previous study. These five nodes were generally not recovered in the analysis of the V4 region under the alignment conditions used (table 1) . Only three components were common to the trees from all six alignments (Pseudoxycheila + Oxycheila; monophyletic Megacephala;
Omus + AmbZycheiZa + PicnoChile basal to all other Cicindelidae).
The treatment of gaps adds another variable that changes the inferred phylogeny substantially.
If reconstructions that treat gaps as missing data (the default in PAUP) or as a fifth character state were carried out on the data from a single alignment, the results were quite different for most of the alignments.
In summary, the alignment-sensitive parts of the V4 region do not produce a phylogenetic signal that is consistent with evidence from other data, and the results are also highly sensitive to differences in the alignment parameters. The congruence analysis does not provide a means to decide between competing alignment options.
Simplicity and Phylogeny
The level of internal sequence repetition was studied throughout the SSU-rRNA gene, and in particular in the variable part of the V4 region. In several of the sequences the RSF was elevated above 1.0, and in some cases the level of significance for internal repetition relative to a random sequence of identical nucleotide composition was high (table 2) . Correlation of repetition with the overall length of the molecule and the nucleotide bias was tested by determining independent contrasts for these parameters based on the phylogenetic hypothesis of figure 5 . There was only a weak correlation of the RSF values and the length of the molecule (Fig. 6a) , indicating that the degree of repetition is not primarily a function of the length of the molecule. Similarly there was no correlation of nucleotide bias and simplicity factor (Fig. 6b) . In contrast, nucleotide bias (AT content) and the length of the V4 region were cor- (Vogler and Pearson 1996) , and in comparison to a "total evidence" analysis combined with the V2 data and the full data. "All data" refers to the alignment-unambiguous sites of the V4 region plus the existing data set of mitochondrial and SSU-rRNA data including gaps (see table 3 of Vogler and Pearson 1996) . The length of each tree, the number of most parsimonious trees, and the CI and RI are given below the trees. The shading of the branches indicates taxa of the tribe Cicindelini (dotted patterns) and the subfamily Collyrinae G:
18S-V2 + V4
(diagonal patterns) for easier recognition of some groups. L fig. 4 ) with measures of sequence simplicity optimized on the tree. RSF values for each taxon are given at the tips of the tree. The level of significance ("significant" and "not significant" at the level of P < 0.1 or smaller) was coded as a binary character and optimized with accelerated transformation.
Numbers on the branches are the numbers of inferred mutational stens. The letters A through E specify branches that define five basal groups of Cicindelidae, as discussed in Vogler and Pearson (1996) and in table 1, related over a wide range of taxa ( Fig. 6c and d) . This correlation, however, is obscured if the two basal taxa of the Cicindelidae (Picnochile and Amblycheilu) are included in the analysis. This observation seems to be related to the presence of long stretches of compensatory CA-TG motifs in the sequence of Picnochile which differed from all other taxa in having a much enlarged expansion segment (and also much increased simplicity scores) without obvious homology to the other taxa.
To examine the distribution of sequence simplicity throughout the tree, we coded the RSF value as a binary character being either significant or not significant, and mapped the character state on the phylogeny (fig. 5 ). If this character is taken at face value, it is apparent that character transformations are rather infrequent throughout the lineage (assuming "not significant" as the ancestral state and accelerated transformation optimization, there are five forward changes and three reversals; CI = 0.13; RI = 0.42). However, it is also clear that simplicity, expressed as RSF and its level of significance, is not congruent with the phylogeny for the entire group. In particular, the related basal taxa in the subtribe Omina (Picnochile, Omus, and Amblycheilu) differ substantially in degree of simplicity. There is also a clade of taxa in the subtribe Prothymina (Oxygonia through Cenothylu in the cladogram of fig. 5 ) with fairly low RSF values embedded within groups with significant levels of simplicity. The distribution of simplicity on the cladogram indicates that the sequences with the highest level of repetition are not necessarily the most closely related, suggesting that the accumulation of simplicity within the lineage has occurred independently in different taxa of the group.
In addition to the overall simplicity measures, we also identified motifs with significantly high simplicity scores SS (table 2). The motifs identified by this procedure differ between taxa, but were mostly AT-rich. The kinds of motifs and their numbers were not well correlated with the phylogenetic relationships of taxa. In several cases closely related taxa differed substantially 
Discussion
The Detection of Slippage The Cicindelidae differ from closely related Coleoptera for the presence of two greatly expanded stemloop regions in the SSU-rRNA, one of which (in the V2 region) has accumulated character change that is mostly defined by divergence in single nucleotide positions (Vogler and Pearson 1996) , whereas variation in the other stem-loop structure (in the V4 region) is characterized by complex insertion/deletions (this study). The observed pattern of sequence variation in this latter region is consistent with the type of variation that has generally been interpreted as the result of slippage replication. In particular, we observed a high level of internal sequence repetition, an increased level of nucleotide bias compared to adjacent regions, a correlation of the length of the expansion segment and its nucleotide bias, and an (albeit weak) correlation of the length and degree of repetition.
Previous studies examined the patterns of sequence variation in expansion segments by comparing widely disparate taxa (but see Linares, Hancock, and Dover 199 1 and Nunn et al. 1996) . Here we analyzed the presumed action of slippage in the context of an existing phylogenetic hypothesis for the Cicindelidae. This allows for a more direct investigation of character transformation and for more explicit tests of models of sequence evolution that have been proposed for the action of slippage. Current models of slippage replication assume that imprecise annealing of repetitious DNA sequences is the cause of the accumulation of internal repetition. The formation of bulges in one of the annealed strands and the refilling of 5'-overhangs result in the incorporation of exact copies of short nucleotide motifs and hence in an increase in length and internal sequence repetition (Levinson and Gutman 1987; Schliitterer and Tautz 1992) . In our study, related sequences differed substantially in the types and numbers of repetitive motifs, and in their overall length and overall level of repetition. There was, however, no clear phylogenetic trend to longer or more repetitive sequences of precise copies of an oligonucleotide sequence. In comparisons between sister taxa, we observed very little variation consistent with character transformations predicted from the model of slippage repetition. Thus, although the general features of the sequences are consistent with the assumptions of slippage, the observed character transformations revealed very little direct evidence for its action.
Sequences with significantly high RSF scores that do not contain significant amounts of tandem repetition (cryptically simple regions; Tautz, Trick, and Dover 1986) have been argued to result from the accumulation of point mutations within tandemly repeated sequences, obscuring the original pattern (Linares, Hancock, and Dover 199 1; Hancock 1993) . However, the generation of repetition in these sequences may also proceed in a way that does not conform to the traditional model of slippage (Levinson and Gutman 1987) , or other processes may be wholly or partially responsible for this repetition. The formation of secondary structures in the nascent strand during replication has recently been suggested to result in longer-range slippage events than are predicted from traditional slippage models (Gacy et al. 1995) . As highly stable potential secondary structures are obviously common in ribosomal DNA genes, transient formation of such structures during the replication of these regions might result in scrambled rather than tandem patterns of repetition. Sommer and colleagues (Sarkar, Paynton, and Sommer 1991; Gostout, Liu, and Sommer 1993; Jacobson, Schmeling, and Sommer 1993; Sommer et al. 1994; Ricke et al. 1995) have shown that sequences based on cryptically repetitious patterns such as RRY and RY (where R = purine and Y = pyrimidine) are polymorphic, apparently as a result of the action of a combination of replication slippage and unequal crossing over (UCO). Such variation would not result in obvious tandem repetition but would probably be detectable by the SIMPLE algorithm. UC0 will generate tandem repetition within sequences but can also result in scrambling of motifs in a tandemly repeated sequence (Smith 1976) . The basic unit of UC0 is expected to be larger than that of slippage, but microscale UCO, or slightly out-of-phase UC0 between neighboring rDNA repeats in the rDNA array, might contribute to scrambling of patterns of tandem repetition. Gene conversion events between short, similarly AU-or GC-rich patches within these regions might also interrupt tandem patterns of repetition. In general, however, it is clear that the sequences presented in this study are too dissimilar to infer particular character state changes in the most slippage-prone parts of the V4 region. A more detailed study of individual mutational events would have to come from the investigation of more closely related taxa than in the present study, such as an analysis of sequence variation in the expansion segments within the genus Cicindela.
RSF Values in a Phylogenetic Context
We expressed simplicity as the RSF a measure that describes the degree of repetition as an average value for a particular stretch of DNA sequence when compared to a random sequence of the same base composition. This value, commonly used as a measure of simplicity, is a summary parameter that provides a convenient average for the degree of repetition and, thus, for a particular type of DNA sequence variation that is commonly explained as the result of slippage. In the Cicindelidae, there appears to be some lineage-specific conservation in the level of simplicity when expressed as RSF ( fig. 5) . Similarly, RSF values were generally consistent with the phylogenetic relationships of taxa inferred from external (morphological) data in the Isopoda (Nunn et al. 1996) . Although the RSF values appear to reflect some phylogenetically relevant pattern, it is not immediately clear how these patterns relate to slippage events. The calculation of significance of motifs is based on the frequency with which scores appear in the random sequences. RSF values therefore are not a measure of a particular type of character change (such as the sequential accumulation of a certain repetitive motif throughout the evolutionary history of a lineage). In a phylogenetic sense, the RSF value is not describing sequence variation at the level of individual nucleotide sites but represents a measure for a certain overall evolutionary bias affecting the DNA sequence composition.
This measure, however, cannot necessarily be equated with slippage replication if other processes can produce high levels of simplicity as well. In a study of RSF values in a wide range of taxa we have shown that the C7 region is frequently repetitive but shows little or no length variation or sequence change. Thus, one of the two parameters for inferring slippage is not observed, and additional assumptions, such as strong selection against length variation, have to be made to still invoke the involvement of slippage in generating the observed repetition (Hancock 1995a) . As long as the predicted character state changes cannot be directly observed on a cladogram, any inference of slippage as the underlying evolutionary process model therefore has to be preliminary.
Implications for Phylogeny Reconstruction
A better understanding of the mode of character evolution in expansion segments is also desirable for phylogeny reconstruction.
It is obvious that the usefulness of expansion segments for recovering phylogenies depends on how well these sequences reflect relationships of common descent. One potential problem of phylogeny reconstruction using slippage-generated sequences is caused by the differences in length and the resulting difficulty in aligning these sequences. In the expansion segment analyzed here, even slight modifications of the alignment parameters resulted in substantially different phylogenetic hypotheses, and none of these parameters appeared to be meaningful throughout all taxa in the Cicindelidae.
Methods generally used to arbitrate between competing alignments, such as measures of congruence with other data (in this case data from other molecular data sets), were not successful because none of the produced phylogenies were consistent with well-established existing hypotheses. Because only a limited range of alignment parameters have been varied in this test for congruence, they may have been chosen in a way that is not reflective of the patterns of sequence variation in the expansion segment. For example, the type of length variation under models of slippage may involve predominantly indels of more than one nucleotide position. Therefore, the alignment parameter could be adjusted accordingly to reduce the cost of extending (but not introducing) gaps in the alignment.
It is equally possible, however, that the failure to retrieve correct phylogenetic hypotheses from the expansion segment is due to the very high levels of homoplasy that may be generated as a result of slippage: if slippage-like processes act in similar ways on a variety of DNA substrates then similar sequences may be generated independently multiple times in unrelated lineages. Such convergent evolution in expansion segments may produce a strong signal in phylogenetic analysis that is masking nonhomoplastic information from much smaller numbers of characters in conserved regions of the molecule. To avoid this problem, workers frequently remove the length variable and highly divergent sequences from the data matrix. These procedures, in many cases, do not follow objective and repeatable criteria, and a clearer rationale is needed for recognizing homologous regions likely to be of common descent. In a cladistic framework, congruence can provide the criterion for an evaluation of homology. Taxic homology is a statement about characters of common descent in a monophyletic group (Patterson 1982; Panchen 1992 ). These homology statements are conditional for a particular level of taxonomic hierarchy. Therefore, slippagegenerated sequences may be nonhomologous at basal levels of hierarchy, but may be homologous for more closely related taxa. Within these groups of close relatives the expansion segments may be highly informative for phylogeny reconstruction.
It is therefore important to define the level of hierarchy for which homology of these sequences can be established.
Conclusion
Models of evolution for highly repetitive and variable expansion segments can only be developed in the context of a well-established phylogeny. The predominant role of slippage in the generation of this variation is plausible but mostly inferential, based on a particular bias in the distribution of sequence variation. However, a better understanding of this process is needed as it is likely to reflect chromosomeor genome-wide bias in sequence evolution. The presence of two substantially enlarged regions in the SSU-rRNA of tiger beetles may be an indication of such general bias in the sequence evolution specific to particular lineages.
